Abstract. Flood defense failures are rare events but when they do occur lead to significant amounts of damage. The defenses are usually designed for rather low-frequency hydraulic loading and as such typically at least high enough to prevent overflow. When they fail, flood defenses like levees built with modern design codes usually either fail due to wave overtopping or geotechnical failure mechanisms such as instability or internal erosion. Subsequently geotechnical failures could trigger an overflow leading for the breach to grow in size Not only the conditions relevant for these failure mechanisms are highly uncertain, also the model uncertainty in geomechanical, internal erosion models, or breach models are high compared to other structural models. Hence, there is a need for better validation and calibration of models or, in other words, better insight in model uncertainty. As scale effects typically play an important role and full-scale testing is challenging and costly, historic flood defense failures can be used to provide insights into the real failure processes and conditions. The recently initiated SAFElevee project at Delft University of Technology aims to exploit this source of information by performing back analysis of levee failures at different level of detail. Besides detailed process based analyses, the project aims to investigate spatial and temporal patterns in deformation as a function of the hydrodynamic loading using satellite radar interferometry (i.e. PS-InSAR) in order to examine its relation with levee failure mechanisms. The project aims to combine probabilistic approaches with the mechanics of the various relevant failure mechanisms to reduce model uncertainty and propose improvements to assessment and design models. This paper describes the approach of the study to levee breach analysis and the use of satellites for breach initiation analysis, both adopted within the SAFElevee project.
Introduction
The majority of the global population is located in flood prone coastal and delta areas. History thereby shows that the consequences of flood events can be severe. The flooding of the South-West of the Netherlands and South-East of England in 1953 resulted in a large number of fatalities and substantial economic losses. A recent example of a flood with large economic damage is that of Queensland Australia in January 2011 with damages exceeding $30 billion [1] . Between 1998 and 2009, 213 floods occurred in Europe which caused for economic, social, and environmental damage, and 1126 deaths [1] .
As an attempt to improve flood risk management, the EU Floods Directive 2007/60/EC was developed and published in October 2007 [2] . The aim of the EU Floods directive is to reduce and manage flood risk with respect to public health, environment, cultural heritage, and economic activity. EU member states are required to perform a preliminary assessment of areas at risk of flooding. Flood risk maps were completed for these areas by 2013, and prevention, protection and preparedness plans were developed for these areas by 2015 [2] . To assess the areas at risk of flooding and the possible severity of the floods, flood spreading models have been developed and included into river flow models and coastal models. For accurate modelling of the spreading of a flood, the flow rate of water entering a flood area needs to be accurately predicted. When failure of a levee causes an area to flood, the flow rate of inflowing water is determined by the size of the breach, and the growth rate of the breach with respect to the rate of change of the water level in the river. Empirical breach relationships have been developed using available data on breaches [3] . However, the large variety in loading conditions on levees, levee design, and failure modes, combined with limited data available on failed levees, make empirical models inaccurate. Unfortunately, developers of empirical models often do not comment on the inherent inaccuracy of the models. Hence, studies related to the uncertainty in flood risk ignore the inherent inaccuracy of breach models and focus solely on the impact of variation in input parameters on the accuracy of output values. This then leads to the erroneous conclusion that breach models make only a small contribution to the overall inaccuracy in flood risk, whereas the opposite could be true [4] . Although more accurate predictions of flood volumes could be obtained from process-based breach models, it should be noted that model inaccuracies nevertheless arise from a lack of understanding of the breach processes.
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A second aspect for a good flood risk analysis is to accurately determine the probability of failure. This often follows from a stress strength analysis. Hindcasting of failures have often shown that levees were either stronger or weaker than initially anticipated. In the case of weaker the risk levels are underestimated which could be problematic. In case levees appear to be stronger than initially anticipated the consequences can be minor but nevertheless lead to a strengthening of a levee where none would have been needed. For either case further insights into the processes that lead to failure and the consequences of failure would be beneficial. Despite extensive research on failure mechanisms such as instability, piping or overflow-induced breaching, considerable uncertainties in failure modelling and prediction remain.
Especially in coastal and delta areas, continuous monitoring the condition of levees is crucial as well as difficult. The current investigation methods are mostly subjective and infrequent [5] [6] . Innovative and costeffective deformation monitoring of water defense systems does not only enable to understand failures but also to perform their appropriate and on-time maintenance. A better investigation of levee performance and failure modes can allow us to achieve more effective levee design and reinforcements. Using satellite radar interferometry can complement existing approaches for assessing levee deformation and failure investigations (e.g. expensive field tests) at relatively low cost.
The SAFElevee project at Delft University of Technology focuses on levee performance and failure, and analyses the interrelated processes of (initial) failure of a levee and breach development, both at a systemmacro scale as well as for individual failures (Figure 1 ). It emphasizes to improve the understanding of breach formation and breach initiations processes. At the same time, one of the project objective is to use methods of satellite remote sensing in order to reveal how continuous levee monitoring could be used to predict real failures in extreme conditions. This paper aims to outline the actions taken under the SAFElevee project and thereby gives an overview of the state of the art research to date.
Figure 1. The structure of the SAFElevee project
To illustrate some of the aspects covered by the project, Section 2 outlines the International Levee Performance Database that is under development as part of the project. Section 3 comments on the challenges that the SAFElevee project aims to address in studying the breach processes, and Section 4 comments on the use of radar satellites to correlate loading conditions with deformations and past failures to identify locations where geotechnical failures are likely to occur. Recommendations is given in the Section 5 by integrating also future research directions.
International Levee Performance Database (ILPD)
Systematic documentation and analyses of international levee performance data enables the development of accurate techniques for the innovative and cost-effective designs of flood defense systems. The understanding of failures mechanisms can be significantly improved by the analysis of failure patterns, hindcasting of historical levee failures, and other performance observations such as monitored near-failures or field observations during extreme loading [7] . Individual efforts have been undertaken to document failures of levees after disasters (e.g. [8] [9] [10] ), but no systematically gathered large-scale datasets are available for thorough scientific research. This results in a lack of calibration and validation data for levee failure and performance models.
Several databases have already been developed for levee dam breaches in table format [11] [12] . Characteristic of these databases is that only generic information on failures is provided, e.g. information on the dam geometry, protection layer, peak discharge, and time at which the peak discharge occurs. Neither any information on the breach outflow hydrograph, nor detailed geotechnical information is provided by these databases. The format of these databases for levee failures limits the macro-scale analyses and/or the development of empirical based levee breach parameters. Therefore, these databases are not suitable for detailed analysis of processes that initiated failure or for validation of process based models.
As a part of the SAFElevee project, the International Levee Performance Database (ILPD) has been set up to facilitate sharing of data on levee characteristics, failure modes, geotechnical investigations, breach initiation and formation. More specifically, the ILPD has been developed to provide systematically collected datasets on;
x Actual failures during extreme catastrophic events, such as the failure of levees, e.g. the failure of levees in New Orleans, USA [8] The data in the Category-3 collection aims at validating some of these sub models. With this database structure the SAFElevee project establishes a cooperative data and knowledge platform for governments, researchers and companies in the field of levee safety. It is thereby expected to contribute to more effective and innovative levee reinforcements and large potential cost savings in design and safety assessments.
Levee breaching due to overtopping
To produce an accurate breach model, it is essential that model approximations are understood and that the model is not applied outside sensible parameter limits. Nowadays, nearly all breach models describe breach processes according to the simplified steps of breach formation described by [13] and [16] . In discussing the stages of breach formation, the levee is described as having a waterside slope, a crest and a landside slope. The waterside slope is defined as the sloping face of the levee at the side of the river or coastal water. The landside slope is defined as the sloping face of the levee at the inland side. The following stages occur, with the possible exception of Stage 3:
1. Levee is stable and functions well. 2. Levee starts to overflow and water percolates into the levee. Material is progressively removed and the landside slope retreats towards the waterside slope. 3. Erosion of the landside slope reaches the waterside slope and the flow slowly starts to increase. The increased hydraulic head over the levee leads to higher flow velocities through the breach, and an increased horizontal flow contraction besides the already present vertical flow contraction.
4. Rapid increase in flow velocity with erosion of the waterside slope and simultaneous widening of the breach. Flow velocities are supercritical. 5. Breach flow becomes affected by the rise of the downstream water level, and/or the fall of the upstream water level, and the breach flow starts to decrease to the point that the flow velocities become so small that the erosion process stops.
These stages have been observed in several large-and small-scale breach experiments [17] . However, differences in breach behavior have been found in the rate, and manner of breach formation. The limits in knowledge relate to the lack of complete understanding of why these differences occur as is exemplified by considering the simple case of breach formation due to overflow of a trapezoidal-shaped flood levee protected by a grass layer.
Overflow or overtopping resistance of grass
Water starts to overflow the levee when the level of water against the levee exceeds the crest level. Grass protection prevents erosion of the levee soil for a period of time, during which the water level may decrease again. To fully assess the breach process as a function of time, it is thus necessary to understand how and when a grass protection layer fails.
In the Netherlands, the Expert Network on Water Safety (ENW) performed several tests on grass erosion under wave attack. ENW [18] reported that evenly distributed and healthy grass provides a cover layer that is highly resistant to erosion. ENW found that grass strength is greatly influenced by the strength of the turf layer. Grass roots of barely-fertilized grass were found to be more erosion resistant than well fertilized grass. However, no explanation is given by ENW on how grass erodes. Nezu and Okamoto [19] studied the profiles of flow over a grass layer, and found that the vertical and horizontal turbulence intensities near the roots were minute, indicating a negligibly small shear stress at the bed. Over the height of the stems, the cumulative shear stress causes a normal tensile force in the stem which is transferred to the soil. This could have a two-fold effect on erosion. First, the tension could cause the stem to snap at the roots leading to a less protected bed. Second, the tension could pull the roots out of the bed. Fluctuations in bed shear stress may thereby loosen the turf layer.
Pollen [20] measured the tensile strength and pull-out forces of grass roots and found that for small diameter roots the breaking forces exceeded the pull-out forces. Larger diameter roots were more likely to be pulled out of the soil. The threshold between the two depends on the shear strength of the soil, the frictional bonds between the root and the soil grains, and the plant-specific tensile strength. Pollen also found that the tensile strength of roots is largely independent of soil moisture content. However, the moisture content of the soil did have an effect on the threshold between roots being pulled out of the soil and breaking of roots. It was observed that as the DOI
soil dried, the frictional bonds between roots and soil became stronger because the apparent cohesion increased with the matric suction of the soil. It was concluded that the root reinforcement by grass was lowest when the soil moisture content was high and the soil shear strength was low.
Richards [21] found a relationship between soil pore pressure and moisture content. When a soil dries out, its pore pressure becomes progressively negative as the moisture content decreases, positively affecting soil stability. The capillary effect of the soil matrix causes water to flow from regions of high water content (or low matric suction) to regions of lower water content (high matric suction). From the study by Pollen [20] , it is possible to conclude that the matric suction of the soil directly affects the erodibility of grass. When a levee overflows, water percolates into the levee, increasing the moisture content of the soil. The resistance of grass to erosion is therefore expected to be dependent on time as well as grass quality. For accurate modelling of the breaching of a grass-covered levee it is not only necessary to address when the grass cover fails but also where along the levee perimeter it fails. Both the load on the grass cover and the grass quality vary along the perimeter of the levee, and so the grass cover does not fail everywhere at once. The order in which the grass cover fails influences the erosion process and hence the breach hydrograph profiles. Current breach models often simplify the failure process of a grass cover by assuming instantaneous failure of the entire grass cover provided certain conditions are met, making the failure of the cover independent of the location. The duration of resistance against failure of a grass cover under certain flow conditions can be estimated using the design chart from Technical Note 71 [22] , as presented in Figure 2 . The given relationships are not presented as functions of the soil properties and hence the error bars corresponding to each of the relationships are expected to be quite large (though are not provided in Technical Note 71).
However, van Damme et al. [23] recently performed a study to breach initiation under overflow conditions which found orders of magnitude differences in strength of grass when performing an experiment on an existing levee with a clay cover and grass protection. A possible reason for this difference may be that the TN71 tests have been performed on much younger grass covers, which is something that should be taken into account. During the experiment both a wave overtopping simulator and an overflow simulator were used to initiate respectively wave overtopping events and overflow events. It was noted that under overflow conditions whereby the shear stress exerted on the levee was comparable to the peak shear stress during overtopping events, the grass cover did fail during overtopping but did not fail during overflow. This discovery conflicts with the current theories explaining the strength of grass under wave loading and overflow [24] [25] but is in agreement with the latest design rules for the maximum allowable mean overtopping discharges of 5 l/m/s which have been set in The Netherlands [26] . 
Determining erosion mechanisms and rates of levee material
After failure of the grass cover, Stage 2 continues whereby two types of soil erosion processes can occur, the first being surface erosion and the second being headcut erosion [16] . With surface erosion, the levee erodes gradually, whereby sharp gradients in the levee profile are smoothed out. This behaviour was also found by Sametz [27] who performed scale overflow experiments on a levee of 0.365m high and made of noncohesive material. The time stepping results are given in Figure 3 [28] , which clearly shows the reduction in gradients in the levee profile.
Headcut erosion is defined as ³... a vertical or near vertical drop in elevation occurring in rill, gully earth spillway and overtopped levees [29] ´. Zhu et al. [29] performed scale experiments to breaching of levees made of a range of cohesive soils. Figure 4 shows the levee profile development with time for the erosion due to overflow of the test levee constructed of the most cohesive soil. The figure shows a much steeper landside slope gradient for the cohesive levee as is expected in the case of headcut erosion. Although many studies have examined the physics behind headcut erosion, an understanding of the dynamics of headcut erosion is still inadequate. It is often assumed that surface erosion occurs in case of noncohesive soils, while headcut erosion takes place in case of cohesive soils. However, steep slopes are possible also in case of non-cohesive materials. This was also witnessed during the experiment performed using overflow and wave-overtopping simulators [23] . During this experiment, breach initiation and formation tests were performed using both the overflow and overtopping simulator on a levee consisting of a sandy core and a clay outer layer. The clay outer layer had a mean thickness of 0.5m. After the grass cover had failed, a headcut type of erosion initiated in both cases. Once the sand layer was reached, the headcut formation continued as massive slope failures were prevented. It was noted that during the headcut formation large slip failures were prevented by the well compacted sandy material. For the sand body in the core to fail, water needed to infiltrate the material in the core. This necessary infiltration of water needed for the soil particles to dilate causes a pressure gradient over the soil. This pressure gradient is only possible when pore suction takes place leading to an increase in effective stresses in the sandy material and preventing rapid slope failures from occurring. Hence the assumption that the non-cohesive material in a levee fails due to surface erosion is an assumption which does not have to be valid. For this, more aspects need to be taken into account.
Another point that is often missed in modelling the surface erosion process is the calculation of the stresses on the levee. The Shallow Water equations and Boussinesq equations are solved to determine the flow velocities down the slope. However, the interested parameters for the case of a levee breach are the shear stress and the erosion rate. In some models the horizontal velocity component is used directly to determine the horizontal bed shear stress component, which in turn is used to determine a downwards displacement of a grid point. Other models also account for the vertical velocity component to derive the bed shear stress on the bed itself. But also in this case, this bed shear stress is used to calculate the vertical displacement of a grid point. Besides analytical models, numerical models usually ignore the horizontal erosion component. In doing so errors are introduced in the model as indicated in Figure  5 . 
where E is the erosion rate and ߙ is the angle of the landside slope. For landside slope with gradients equal to the internal friction angle of 35 degrees, this error already becomes 22%. As it is generally accepted that the erosion behavior is characterized by the retreat of the landside slope towards the waterside slope, it would be more accurate to account for the horizontal component of the erosion rate E h given by
However, numerical models can have difficulty with this as it requires the grid size to be altered. This problem is not encountered by models that are based on analytical solutions like the AREBA model by HR Wallingford ltd [30] and the BRES model by Visser [13] . Transport of levee material is governed by sediment transport processes. The flow continues to accelerate along the landside slope and is thereby predominantly supercritical.
Equilibrium flow conditions are not reached and flow acceleration is greatest where the crest meets the landside slope. Due to the continuous acceleration, no equilibrium transport conditions are obtained and the breach erodes due to live scour effects. Within the field of dredging engineering erosion relationships have been developed for high flow velocities. It was noted that under high flow shear stress conditions the infiltration of water into the bed causes for a frictional stress on the particles that contribute to the shear strength of the particles. It was thereby noted that for small particle diameters, the lower hydraulic conductivity caused for a larger stability than in the case of larger particle sizes, making them more resistant to erosion [31] [32] . Higher compacted particles would thereby need to dilate more and hence be more resistant to erosion. This would be in line with the findings of Morris [33] who noted that the erodibility of material is dependent on the material texture, moisture content and compaction energy. Sidorchuk [34] stochastically modelled soil erosion and soil deposition using five characteristic stochastic variables: flow velocity, soil cohesion, aggregate size of both native and deposited sediment, and soil consolidation. Sidorchuk emphasizes a
relatively low increase in erosion rate with respect to the flow velocity, when the driving forces exceeded the stabilizing forces considerably. This is in line with the findings of Van Rhee [31] . However, Sidorchuk found the influence of the variability of soil properties like cohesion, aggregate size and soil consolidation to be less important in determining the erosion rate at high flow energy events. This conflicts with the observations made by Van Rhee who noted that for high flow velocity events the larger particles are more subject to erosion as they more easily dilate. Morris suggested calculating sediment transport using the erosion equation
where ‫ܭ‬ is the soil erodibility, ߬ is the bed shear stress, ߬ is the critical bed shear stress, and n is a power coefficient. The erosion equation relates the shear stress to the erosion rate and therefore is not an equilibrium transport equation. However, shear stress based approaches like these have often not been validated for high flow velocities. Van Rhee [31] accounts for the effects of dilation by applying a factor to the sediment transport formula of Van Rijn, which is based on a stream power approach. Unlike the shear stress approach, the stream power approach to sediment transport is also valid under supercritical flow conditions. In developing the stream power approach, Bagnold [35] related the transport rate of material to the rate of energy used in transporting materials. Bagnold's relationship that relates streampower to the sediment transport rate is given by
where ߛ ௦ and ߛ ௪ are respectively the specific weight of sediment and water, tanߙ is the ratio of the tangential to normal force, V is the average flow velocity, and ݁ is an efficiency coefficient. Despite being valid for an extensive range of flow velocities, the sediment transport equations based on the streampower approach are derived for equilibrium sediment transport conditions. However, due to the continuous accelerating flow along the levee perimeter equilibrium sediment transport conditions are not reached in practice. Comparison between the erosion equation and the streampower relationship shows that the erosion equation is a function of the shear stress and the streampower equation is a function of the shear stress multiplied by the mean flow velocity. With the shear stress approximated as a function of the velocity squared, the erosion equation becomes similar to the streampower equation when a power of efficiency n of 1.5 is applied. Hence, the erosion equation is assumed to give a reasonably good approximation under supercritical flow conditions for n=1.5. Cohesive sediments have a lower degree of erodibility than non-cohesive sediments. Hence most of the energy dissipated by turbulence is not used to transport sediment particles and a lower value for the power is expected. The power in the erosion equation is thus expected to vary between 1 and 1.5, with a value of 1 more applicable to cohesive sediments, and 1.5 more applicable to loose sediment.
Although the sophistication and predictive capability of breach models has improved over the past 55 years, the models still contain numerous assumptions with corresponding uncertainties. The performance of breach models is thereby often misinterpreted. Morris [17] mentions that models are usually developed and calibrated against a single dataset because of the lack of high quality datasets available for calibration purposes, hence the ability of the model to reproduce the results of the dataset is inherently quite good. It is partially for this reason that under the SAFElevee project an extensive database will be constructed for the purpose of better validating breach models. Moreover, the assessment of model performance by comparing predicted and measured flood hydrographs is also misleading. Because the flood volume is not solely controlled by the rate and size of the breach growth. Current models are able to predict the peak discharge to within an accuracy of 25-30%. Model inaccuracy in predicting the time at which the peak discharge takes place is even worse.
As this section shows, much improvement still needs to be made in the understanding of the breach processes before flood risk predictions can be considered accurate.
Levee failure patterns
Little is known of what determines levee failure patterns (i.e. number of failures, types and locations) and its important underlying factors. A better understanding of failure mechanisms can enable prediction of failures and can also be used to improve design standards and develop appropriate counter-measures. Through continuous levee monitoring and investigating pre-failure conditions, the SAFElevee project aims to improve the understanding of failure mechanisms and to better predict where they may occur.
As a result of different natural/artificial phenomena, levees can become geotechnically unstable and henceforth cause extensive flooding. Before any sign of failure become visible, the levee may have shown degrees of deformations which could indicate a failure being imminent. More specifically, it has been shown [36] that deformation and failure of levees are correlated. Deformation could thereby be in the vertical, horizontal or transversal directions. Each direction of deformation could be an indicator for a different type of failure.
Levee monitoring systems could be used to improve maintenance strategies and in evacuation planning, thereby reducing flood risk. Flood events with catastrophic results, such as Thailand (2011), Germany (2013), UK (2013, 2014, 2015) , Japan (2015) also show that the understanding of levee failure mechanisms and maintenance strategies needs to be improved. Current conventional levee inspection methods consist of expert judgement which consequently results in infrequent, costly, superficial and even qualitative assessments [5] [6] . An ability to track the small scale deformations on levees is likely to give a significant contribution to levee inspections. Recent studies show in fact that levee [39] . Knowledge of the factors that drive the number of failures and their locations is limited. The SAFElevee project aims to apply satellite radar interferometry to investigate how the spatial and temporal patterns in loading and strength of flood defenses are correlated with actual failure patterns. Particular focus has been given to deformation, as it is an important indicator for a large number of levee failure mechanisms.
Levee deformation monitoring using persistent scatterer interferometry (PS-InSAR)
Radar interferometry has become a widely used geodetic technique to measure the topography and deformations of the Earth ¶V surface over the past few decades [40] . Satellite radar interferometry, also known as Interferometric Synthetic Aperture Radar (InSAR), is a broadly used monitoring technique for investigating surface displacements, such as at buildings, railways, roads and natural movements (e.g. due to volcanos, earthquakes). The main principle is to interfere two radar images in order to obtain information about the surface irregularities [41] [42] [43]. However, the applicability of this technique is limited due to temporal decorrelation, geometric decorrelation and atmospheric signal delay [42] . These elements result in noisy measurements, especially in green-covered levees, thus reducing the monitoring accuracy.
Several recent researches [42] [43] [44] [45] [46] proved that these limitations can be overcome to a certain extent by another technique called Persistent Scatterer Radar Interferometry (PS-InSAR). It aims to reduce problems related to temporal and geometrical correlation and atmospheric effects in order to obtain more accurate results compared to conventional radar interferometry. The profitable characteristics of this technique may be key for a wider applicability of satellite radar interferometry for levee monitoring and for a better understanding of failure mechanisms. One of the main advantages of the PS-InSAR technique can be found in its high precisions with high accuracy (up to mm level) depending on the radar wavelength and signal coherence [38] . Reasonably low-costs, frequent revisits, and high measurement accuracy make this technique a valuable tool for continuous monitoring of levee deformation. Nevertheless, PS-InSAR also shows some limitations such as poor reflections from vegetated areas, highly dependence on many parameters (such as the orientation of the dike, the radar look direction and the amount of acquisitions available from a single track etc.), and difficulty in applying the technique for high displacement rates (>80mm/year) [38] . The possible two types of error (type-I and type-II) in PS identification process should be taken into account in the post-processing of PS-InSAR results. Regarding all these issues, the interpretation of these results requires proper quality assessments with an in-depth perception [36] .
One of the major contributions in levee monitoring using PS-InSAR has been done by Hanssen and van Leijen [6] . This study emphasizes that persistent scatterer interferometry is able to provide a dense sampling of water defense systems. It proves that more than 90% of the primary water defense structures in the Netherlands (~300x200 km) can be monitored using PS-InSAR (Figure 6a) . The authors concluded that with such method, deformations can be monitored using advanced satellite radar technology to obtain weekly updates on levee stability in the Netherlands. In addition to that, they explored the levee deformation at the ring dike of Marken Island, situated north of Amsterdam (Figure 6b) . The monitored deformation rate of 13 mm/y has led to a maximum subsidence of more than 10 cm in the time interval of 10 years [6] . Simultaneously, the POSEIDON project explored the potential of deformation monitoring of water barriers in the Netherlands with the PS-InSAR technique [36] . One of its objectives was to examine the technical feasibility of the method for levee monitoring and its application in [37] . This study proves that PS-InSAR is not only applicable for land subsidence but also for levee deformation monitoring. Hydraulic loads are used to define the dimensions and the capacity of flood defense systems. During a certain period of time before the failure event, the correlation between hydraulic loading conditions (e.g. high water level) and deformation measurements is suggested to be examined in order to estimate potential levee failure modes. In case of a defined breach information (e.g. location, length and width etc.), pre-failure deformation data is used to investigate how the levee deformations have changed over time considering the hydraulic conditions and finally caused different sizes of breaches.
In conclusion, levee deformation monitoring using PS-InSAR aims to detect abnormal changes on levees through a continuous levee monitoring. The SAFElevee project aims to investigate the degree of correlation between the loading and deformation data in order to define the required strength of levees and to examine how changes in hydraulic loading conditions effect the deformation of levees.
Summary and future work
The International Levee Performance Database that will be developed as part of the SAFElevee project serves as: a) a research tool for the SAFElevee project, b) an international collaboration and data sharing platform; and c) an important database for a wide range of end-users, applied for model calibration and validation, and R&D on models. The database will be available publicly to the scientific and engineering community for research, education and cooperation purposes.
The database forms the foundation stone of the SAFElevee project. As shown in this paper, significant discrepancies still exist between scientific explanations of breach initiation processes and the observable behaviors. Also the accuracy of breach models is still very limited. This highlights the need for further research, a more detailed study of the processes.
Besides focusing on improving the understanding of the physical processes, the SAFElevee project also aims to correlate loading conditions and deformations with past failures. This approach will thereby instigate the development of new design rules with respect to allowable changes of deformation, which in turn could be used in monitoring and maintenance plans. Past studies showed that observations on surface displacements from the available satellites can be used to detect the abnormal changes on levees. However, they mainly focused on the deformation monitoring of small case studies in order to examine the applicability of the PS-InSAR method. The SAFElevee project intends to explore the possibility of using such observations to provide a continuous levee monitoring of wider areas and improved understanding of failure conditions.
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